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ABSTRACT
We explore the possibility that GW190412, a binary black hole merger with a non-equal-mass ratio
and significantly spinning primary, was formed through repeated black hole mergers in a dense super
star cluster. Using a combination of semi-analytic prescriptions for the remnant spin and recoil kick of
black hole mergers, we show that the mass ratio and spin of GW190412 are consistent with a binary
black hole whose primary component has undergone two successive mergers from a population of
∼ 10M black holes in a high-metallicity environment. We then explore the production of GW190412-
like analogs in the CMC Cluster Catalog, a grid of 148 N -body star cluster models, as well as a new
model, behemoth, with nearly 107 particles and initial conditions taken from a cosmological MHD
simulation of galaxy formation. We show that the production of binaries with GW190412-like masses
and spins is dominated by massive super star clusters with high metallicities and large central escape
speeds. While many are observed in the local universe, our results suggest that a careful treatment of
these massive clusters, many of which may have been disrupted before the present day, is necessary to
characterize the production of unique gravitational-wave events produced through dynamics.
1. INTRODUCTION
Since 2015, the LIGO and Virgo gravitational-wave
(GW) observatories have reported the detection of 11
binary black hole (BBH) mergers (Aasi et al. 2015; Ac-
ernese et al. 2015; Abbott et al. 2019b; The LIGO Sci-
entific Collaboration & the Virgo Collaboration 2020),
with independent analyses (Venumadhav et al. 2020;
Nitz et al. 2020) identifying several additional candi-
dates. However, the majority of these previous events
have been composed of black holes (BHs) with near-
equal component masses1. This complemented theoret-
ical models of BBH formation through either isolated
binary evolution (e.g., Dominik et al. 2012; De Mink &
Mandel 2016; Belczynski et al. 2020) or dynamical for-
mation (e.g., Rodriguez et al. 2016) that strongly pre-
ferred BBH mergers with mass ratios near unity (Ab-
bott et al. 2016; Abbott et al. 2019a). However, the
first BBH merger announced from LIGO/Virgo’s third
observing run — GW190412, a ∼ 30M + 8M binary
carl.rodriguez@cfa.harvard.edu
1 Though see Venumadhav et al. (2020) for a description of
GW170202, a BBH merger candidate with a mass ratio of 2-to-1.
— bucks this trend with a mass ratio of nearly 4-to-1
(The LIGO Scientific Collaboration & the Virgo Collab-
oration 2020). This particular configuration allows for
the recovery of higher-order modes in the gravitational
waveform, which strongly constrains the dimensionless
spin magnitude of the primary BH to 0.43±+0.16−0.26, the
largest spin of a pre-merger BH measured through GWs.
Although such systems can potentially be formed
through isolated binary evolution (e.g., Mandel & Fra-
gos 2020; Olejak et al. 2020), an obvious way to pro-
duce such systems is through hierarchical mergers of
BHs in a dense star cluster. If two low-spinning,
“first-generation” (1G) BHs were to merge in a cluster
with a sufficiently large escape speed, their “second-
generation” (2G) merger product will remain in the
cluster, where it can find another partner and merge
again. This scenario has been explored extensively in
the literature (Fishbach et al. 2017; Gerosa & Berti
2017) in the context of globular clusters (GCs, Ro-
driguez et al. 2018; Rodriguez et al. 2019), nuclear star
clusters (NSCs, Antonini & Rasio 2016; Antonini et al.
2019), and the disks of active galactic nuclei (Stone et al.
2017; Bartos et al. 2017; McKernan et al. 2020; Yang
et al. 2019b; Secunda et al. 2019; Yang et al. 2019a).
However, the merger of just a single pair of BHs with
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2Figure 1. A cartoon merger tree of the two possible multi-
merger progenitors of GW190412, where the massive primary
(in red) is created from the merger of either one or two 2G
BHs (in blue)
similar masses and low spins produces BHs with dimen-
sionless spins of ∼0.69 (Berti & Volonteri 2008; Tichy
& Marronetti 2008; Kesden et al. 2010; Fishbach et al.
2017), a value outside the 90% posterior probability for
the primary spin of GW190412.
In this letter we show that GW190412 is instead con-
sistent with a “third-generation” (or 3G) BBH merger
whose primary BH was created from two successive BBH
mergers. In Section 2, we argue based on previous
work in both cluster dynamics and numerical relativity
that the most likely dynamical source for GW190412 is
a massive, high-metallicity cluster with a large escape
speed, and that the retention of 3G BHs in the cluster
automatically selects for BHs with spins near the median
of the GW190412 primary spin posterior. In Sections 3
and 4, we use collisional models of star clusters, includ-
ing a new, massive cluster—behemoth—which produces
multiple GW190412-like progenitors that merge in the
local universe. Finally, we conclude by discussing how
such massive clusters exist in the local universe, but are
strongly dependent on the galactic environments they
inhabit.
2. CLUES TO THE FORMATION OF GW190412
Dense star clusters come in a wide range of initial
masses, metallicities, and concentrations. We have pre-
viously shown that dense star clusters can naturally
form heavy 30M + 30M BBHs (e.g., GW150914 Ro-
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Figure 2. Creating GW190412 through the merger of 2G
BHs. The top panel shows the distribution of spins for 3G
BHs constructed according to the two schemes in Figure 1,
with the full distribution shown with solid lines and the sub-
set of systems which receive low recoil kicks (. 100km/s)
shown with dashed lines. The bottom panel shows the rela-
tionship between the 3G BH spins and the recoil kicks they
receive at birth, with the solid line and shaded regions show-
ing the median and 90% regions of allowed final spins (as-
suming isotropic component spins at merger). The red line
and shaded region indicate the median and 90% posterior on
χ1 for GW190412.
driguez et al. 2016b) as well as lower-mass 10M+10M
binaries (e.g., GW151226, Chatterjee et al. 2016). The
key determining factor between these two mass regimes
is the cluster metallicity: low-metallicity systems such
as classical globular clusters (GCs, e.g., Harris 1996)
are optimal for producing ∼ 30M BHs, while higher-
metallicity clusters such as open clusters (OCs) and su-
per star clusters (SSCs, Portegies Zwart et al. 2010,
and references therein) preferentially produce lower-
mass BHs. This difference in the BH mass distribution
arises from the strength of stellar winds in massive stars;
higher metallicity stars experience stronger winds (e.g.,
Vink et al. 2001) and correspondingly larger mass loss
rates, resulting in less massive BH progenitors prior to
3stellar collapse (e.g., Belczynski et al. 2010; Spera et al.
2015).
Of course, a low-metallicity GC containing many ∼
30M BHs would still contain an even greater popu-
lation of ∼ 10M BHs by virtue of the initial-mass
function (IMF), so why do we discount such clusters
as a potential source of GW190412-like binaries? Af-
ter mass segregation is complete in a star cluster, the
most massive BHs are found in the center of the clus-
ter, where they predominantly form binaries with BHs
of similar masses (Morscher et al. 2015). It is these
massive BHs that primarily participate in the repeated
three-body encounters that form binaries and lead to
the ejection of BHs and BBHs from the cluster (e.g.,
Kulkarni et al. 1993; Sigurdsson & Phinney 1993). Only
after the most massive objects have been ejected can
the lighter BHs and and neutron stars migrate into the
cluster center and participate in such encounters (e.g.
Morscher et al. 2015; Ye et al. 2020). Even if—in spite
of mass segregation—a 1-to-4 mass ratio binary were to
form, approximately 30-50% of low-velocity encounters
between the binary and other massive BHs would result
in an “exchange” encounter, where the lower-mass BH is
replaced by the interloper. (See Sigurdsson & Hernquist
1993, Table 3A). To eject or merge a BBH from a GC
requires 10s to 100s of these low-velocity encounters2,
giving many opportunities for an exchange to occur (Ro-
driguez et al. 2016a). As long as the BBH components
are sourced from a continuous BH mass distribution,
mass segregation and three-body dynamics will tend to
create equal-mass BBH mergers.
But when a BBH merges inside a cluster, its merger
product can be retained by the cluster, where it is nearly
twice as massive as the most massive 1G BHs. These
2G BHs are much more likely than their 1G progenitors
to form binaries and merge again within a Hubble time,
with a nearly 2-to-1 mass ratio between the 2G and 1G
components (Rodriguez et al. 2019). Furthermore, when
two BHs with similar masses merge, the spin distribu-
tions of their merger products will be peaked at 0.69
(Berti et al. 2007; Fishbach et al. 2017). This yields an
obvious pathway to producing BBHs with a more mas-
sive and spinning primary. However, both a 2-to-1 mass
ratio and χ1 = 0.69 are excluded at the 90% level for
GW190412. As we will show, constructing GW190412
from low-spin 1G BHs, with its mass ratio of 0.28 and
χ1 = 0.43, requires an additional merger.
In Figure 1, we show two possible pathways to form-
ing 30M 3G BHs, where the 3G component is formed
through either a 1G+2G merger (with masses M1 =
20M, M2 = 10M and spins χ1 = 0.69 and χ2 = 0)
2 Here “low-velocity” refers to those where the interloper is
moving below the critical velocity of the system, defined as the
velocity where the binding energy of the binary is equal to the
kinetic energy of the interloper and the binary center of mass at
infinity. See Hut & Bahcall (1983).
or a 2G+2G merger (both with masses of 15M and
spins of 0.69). In the top panel of Figure 2, we show
the final spin distributions for the resultant 3G BHs,
calculated by Monte Carlo sampling over all possible
spin orientations of the progenitors using phenomenolog-
ical fits to numerical and analytic relativity calculations
for the final spin and recoil kicks of the BBH merger
products (Barausse & Rezzolla 2009; Campanelli et al.
2007; Gonza´lez et al. 2007; Lousto & Zlochower 2008;
Lousto et al. 2012; Lousto & Zlochower 2013). Note
that these are the same distributions employed in our
Cluster Monte Carlo code (Rodriguez et al. 2018, Ap-
pendix A).
The median final spins for all 1G+2G and 2G+2G
mergers (χf = 0.62 and 0.68, respectively) are both be-
yond the 90% credible region for the GW190412 pri-
mary. However, if we consider only 3G BHs that re-
ceives kicks below 100 km/s, the median remnant spin
decreases to 0.43 and 0.65 for 1G+2G and 2G+2G merg-
ers, respectively, the former of which agrees perfectly
with the median for the spin posterior of the GW190412
primary. This correlation between BH recoil and rem-
nant spin is shown explicitly in the bottom panel of
Figure 2: 100% of 1G+2G BBH mergers (and ∼30%
of 2G+2G mergers) with recoil kicks below ∼ 100km/s
produce BHs with spins matching the LIGO/Virgo pos-
terior. In other words, while the retention of 3G BHs
may be rare, any BHs that are retained will, by selec-
tion effects, have spins consistent with the GW190412
primary. While the agreement between the final spins
for 1G+2G mergers would suggest them as the primary
source of GW190412-like binaries (especially since they
are nearly 13 times more prevalent than 2G+2G merg-
ers, Rodriguez et al. 2019), the minimum recoil speed
produced by such binaries is nearly ∼ 90km/s. This is
greater than the escape speed from many nearby GCs
and SSCs (although such clusters had significantly larger
escape speeds in the past; see the top panel of Figure
3), suggesting that we must expand our search beyond
typical Milky Way (MW) clusters.
3. STAR CLUSTER MODELS
With a better understanding of the type of cluster
most likely to form GW190412, we can search for sim-
ilar events in high-fidelity models of dense star clus-
ters. To that end, we use a series of star cluster models
created with the Cluster Monte Carlo (CMC) code,
a He´non-style Monte Carlo code for stellar dynamics
(Joshi et al. 2000, 2001; Fregeau et al. 2003; Fregeau &
Rasio 2007; Umbreit et al. 2009; Chatterjee et al. 2010;
Pattabiraman et al. 2013). In addition to the orbit-
averaged Fokker-Planck diffusion of particles through
phase space by two-body encounters (He´non 1971, 1975)
which drives the overall evolution of the cluster, CMC in-
cludes all of the necessary physics for treating the for-
mation, dynamics, ejections, and (multiple) mergers of
BBH systems. This includes probabilistic formation of
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Figure 3. Top: the central escape speeds for a typical MW
GC (with a metallicity of Z = 0.002 and a present-day mass
of ∼ 2×105M), a massive SSC that produces a GW190412-
like binary (Z = 0.02 and final mass of ∼ 5 × 105M at
the present day), both taken from Kremer et al. (2020),
and behemoth, with metallicity Z = 0.02 and mass of
∼ 3×106M at its time of disruption, which produces several
GW190412-like binaries. Bottom: the cumulative distribu-
tion of mass ratios for BBH mergers from the same three
clusters, with the median and 90% mass ratio for GW190412
indicated in red.
binaries through three-body BH encounters (Morscher
et al. 2013), three- and four-body encounters performed
by direct integration (Fregeau & Rasio 2007) and de-
tailed stellar evolution prescriptions for stars and bina-
ries using the Binary Stellar Evolution (BSE) code of
Hurley et al. (2000, 2002) with upgraded prescriptions
for massive stellar winds and compact-object formation
(Rodriguez et al. 2016, 2018). In addition to the mergers
of isolated BBHs arising from slow GW emission (either
inside the cluster or after their ejection), CMC also follows
the “prompt” merger of BBHs that are created by GW
emission during two-body BHs encounters in the clus-
ter (following Samsing et al. 2019), and during three-
and four-body strong encounters between binaries (Ro-
driguez et al. 2018). See Kremer et al. (2020) for a
more detailed description. Note that we assume zero
natal spins for 1G BHs (e.g., Fuller et al. 2019; Fuller &
Ma 2019), and do not allow for spin up during BH-star
mergers or mass transfer.
We use two sets of initial conditions for our analysis.
The first is the CMC Cluster Catalog, a grid of models
developed and presented in Kremer et al. (2020). Similar
to previous studies, these models covered a wide range
of initial particle numbers (N = 2×105, 4×105, 8×105,
1.6 × 106, and 3.2 × 106), cluster virial radii (0.5, 1, 2,
and 4pc), metallicities (Z = 0.0002, 0.002, and 0.02),
and galactocentric distances (2, 8, and 20 kpc). Masses
of stars are first taken from a Kroupa (2001) initial-
mass function, then 5% of stars are randomly assigned
a binary companion with a mass drawn from a flat mass
ratio distribution between 0.1 and 1 and semi-major axes
drawn from a uniform-in-log distribution (Duquennoy &
Mayor 1991). Each model is integrated for 14 Gyrs or
until the cluster is dissolved.
We also consider one additional model, a massive SSC
with a high metallicity named behemoth. Unlike previ-
ous CMC studies based on grids of parameters, this clus-
ter is part of a new survey of realistic cluster initial
conditions taken from FIRE-2 MHD cosmological simu-
lations (Hopkins 2017; Hopkins et al. 2020), specifically,
the cosmological formation of an L∗ galaxy m12i (Wet-
zel et al. 2016). This new catalogue will be presented
fully in Grudic et al. (2020). Behemoth has an initial
8.6×106 particles, 10% of which are binaries, for a total
of 9.5× 106 stars with stellar metallicities of Z = 0.013.
Following the star-formation and metallicity enrichment
history of its host galaxy, behemoth is born at a redshift
of 0.78, and unlike previous CMC models, experiences a
time-dependent tidal potential based upon the orbit of
a tracer particle within the m12i simulation.
To compute the tidal radius of the cluster, we follow
a tracer particle associated with the cluster’s formation
location within the m12i simulations. In each snapshot,
we compute the local mass, velocity dispersion, and the
tidal forces experienced by the particle. The effective
tidal strength is calculated following Appendix D of Pf-
effer et al. (2018). This value is then implemented as the
tidal truncation in CMC, where we strip any star whose
apocenter moves beyond this boundary.
The tracer particle of behemoth does not experience
dynamical friction, so we must add it in post-processing.
To that end, we again follow Pfeffer et al. (2018) and
compute the instantaneous timescale for dynamical fric-
tion to bring the cluster into its galactic center (Lacey
& Cole 1993) as
Tdf =
0.78
2B
(
vc/
√
2σ
) √2σr2
GMc log Λ
, (1)
where r is the radius of the orbit in the galaxy, Mc is
the cluster mass as a function of time, vc is the circu-
lar velocity of a particle at radius r, B(x) = erf(x) −
2x exp(−x2)/√pi is the standard dynamical friction ve-
locity expression (e.g., Binney & Tremaine 2008).  is
the eccentricity correction from Lacey & Cole (1993),
defined as the ratio of the angular momentum of the
5particle to that of a particle on a circular orbit with the
same energy. Finally, log Λ is the Coulomb logarithm,
where Λ = 1+Mc/Menc, and Menc is mass of the galaxy
interior to r. We integrate behemoth until the cumula-
tive number of dynamical friction times is greater than
the age of the cluster, i.e.∫
dt
Tdf
> 1 . (2)
Once (2) is satisfied, we assume the cluster has spiraled
into its galactic center. For behemoth, this happens at
redshift 0.22, approximately 4.2 Gyrs after the cluster’s
formation.
Although there are no clusters with similar properties
to behemoth in the MW, we note that many such clusters
would have spiraled into the galactic center many Gyrs
ago (e.g., Gnedin & Ostriker 1997). Furthermore, young
SSCs with comparable masses and escape velocities are
observed in nearby galaxies: NGC7252 (Cabrera-Ziri
et al. 2016), NGC 34 (Schweizer & Seitzer 2007), M82
(McCrady & Graham 2007), NGC 1316 (Bastian et al.
2006), and the Antennae galaxies (Herrera & Boulanger
2017).
Behemoth is the largest cluster model created with
CMC, and exhibits some unique properties. A typical GC
produces ∼ 100 BBHs over a ∼12-13 Gyr lifetime, ap-
proximately half of which will be ejected from the cluster
prior to merger (e.g., Rodriguez et al. 2016, 2018). But
behemoth creates 1300 BBH mergers over its 4.2 Gyr
lifetime, 90% of which merge inside the cluster. This in-
crease in the fraction of in-cluster mergers is largely due
to the large central escape speed of the cluster, initially
in excess of 300km/s. As a result, 36% of BBH mergers
from behemoth have at least one component created in a
previous merger. This increase in both in-cluster merg-
ers and higher generation BHs has been noted before in
semi-analytic models of massive clusters such as NSCs
(e.g., Antonini & Rasio 2016; Antonini et al. 2019), but
this is the first time it has been demonstrated in fully-
collisional cluster simulations.
4. FORMING GW190412-LIKE BINARIES
We begin by searching both the grid of models and
behemoth for merging binaries whose m1 and m2 lie
within the 90% credible regions for GW190412. From
the CMC grid, we identify 39 such systems which merge
within a Hubble time, 36 of which originate from high-
metallicity (Z = 0.02) clusters. 34 of these systems are
produced through repeated BH mergers, and as such
have spinning primaries. However, none of these clus-
ters match behemoth: the massive cluster produces 14
BBH mergers with masses similar to GW190412 over its
4.2 Gyr lifetime, all of which are the result of multiple
BH mergers. The majority of these systems are 1G+2G
mergers with mass ratios that sit near the upper 90% re-
gion of the GW190412 mass ratio posterior and primary
spins of ∼ 0.69. Behemoth produces 3 to 4 times more
Figure 4. BH merger trees that form GW190412-like bina-
ries. The pairs of numbers under each BH show the mass
(in M) and spin, while the inequalities show the GW recoil
of each merging binary as being less than the local cluster
escape speed (in km/s) where the merger occurs. The top
tree shows the one BBH formed through a 2G+2G merger in
the grid of cluster models described in Kremer et al. (2020),
while the bottom three trees show the mergers that occur in
behemoth, where the large escape speed allows for the reten-
tion of 1G+2G merger products.
low-mass-ratio events than a typical GC or massive SSC
(Figure 3, bottom panel) with 8% of BBHs having mass
ratios consistant with GW190412.
There are many clusters that can produce BBHs with
component masses similar to GW190412. However, im-
posing the requirement that the spin magnitude of the
primary matches the LIGO/Virgo posterior tells a dif-
ferent story. Limiting our sample to only those binaries
where the primary BH has spin magnitude between 0.17
and 0.59, we find only 4 potential GW190412 progeni-
tors, all of which are 3G+1G BBHs. Of these, three
were created in behemoth through the 1G+2G channel
described in Section 2, which required an escape speed
& 90km/s. Only one system, where a chance 2G+2G
merger experienced a low-recoil kick and was retained
by its parent cluster, was produced in the entire cluster
grid from Kremer et al. (2020), despite the grid having
more than 10 times the total stellar mass of behemoth.
As expected, this merger occurred in a massive, high-
metallicity cluster with Z = 0.02 and an initial mass
of ∼ 106M. However, the central escape speed of
6this cluster (shown in Figure 3) falls below the 90km/s
threshold for the 1G+2G pathway within 10s of Myrs of
its birth, before the first dynamically-assembled BBHs
begin to merge. It is only in the most massive of high-
metallicity clusters where the 1G+2G process for creat-
ing GW190412-like binaries can occur. We show merger
trees for the 4 BBH systems, including their masses,
spins, recoil speeds, and local cluster escape speeds, in
Figure 4.
It is nearly impossible to estimate the volumetric rate
of 3G+1G mergers like GW190412 using a handful of
mergers from two cluster models, and even back-of-the-
envelope estimates provide limited clarity: A typical
GC will produce ∼ 100 BBH mergers over its lifetime
(Rodriguez et al. 2016), suggesting that a typical MW-
like galaxy will produce O(104) mergers from clusters,
∼ 3% of which occur at z . 0.5 (Rodriguez & Loeb
2018, Figure 1). If each MW-like galaxy contains a sin-
gle behemoth-like cluster producing O(3) GW190412-
like binaries, that suggests approximately 1% of BBH
mergers from clusters in the local universe are 3G+1G
mergers with similar masses and spins, suggesting a vol-
umetric rate of ∼ 0.1Gpc−3yr−1 (based on a total clus-
ter merger rate of ∼ 10Gpc−3yr−1, Rodriguez & Loeb
2018).
However, behemoth is decidedly not a typical present-
day MW star cluster, globular or otherwise. Created
at z = 0.78, it single-handedly produces ∼ 500 BBH
mergers at z < 0.5, nearly twice as many mergers as
the previous estimate suggests arise from all clusters in
a MW-like galaxy! Furthermore, its BBH production
is terminated upon its dynamical-friction-driven inspi-
ral into the center of its host galaxy (at z ∼ 0.2). The
cluster’s birth properties and survival time are strongly
dependent on the properties of its host galaxy, such as its
star-formation rate, tidal field, and metallicity enhance-
ment. Unlike previous rate estimates of BBH mergers
from star clusters (e.g., Portegies Zwart & Mcmillan
2000; Rodriguez et al. 2016; Askar et al. 2016; Hong
et al. 2018; Choksi et al. 2018), this letter suggests that
the production rate of GW190412-like binaries likely de-
pends on clusters which no longer exist in the MW and
many other galaxies. Only a handful of analytic studies
(e.g., Fragione & Kocsis 2018) have considered the con-
tribution of such massive clusters that no longer exist,
and they find that the contribution from such systems is
similar to the contribution from all other clusters com-
bined.
5. CONCLUSION
In this letter, we argued that if the recent LIGO/Virgo
BBH, GW190412, were formed through classical three-
body encounters in a dense star cluster, then it was likely
the product of two successive BH merger events. Using
a combination of analytic prescriptions for BBH recoils
and spins, and a series of collisional models of dense star
clusters (including a new, massive cluster, behemoth),
we show that the primary of GW190412 is typical of
BHs formed from the merger of two∼ 10M BHs, whose
merger product then merges with another ∼ 10M BH.
While such events are rare, we show that any such merg-
ers retained by the cluster would naturally have masses
and spins similar to the components of GW190412. Al-
though this requires a cluster with an escape speed of at
least 90km/s, such clusters are known to exist in nearby
galaxies, and may have existed in the MW before being
destroyed by dynamical friction.
Although we have focused on dynamical formation
in unusually large clusters such as SSCs, there is ev-
ery reason to expect that similar processes operate in
potentially higher numbers in the NSCs that reside in
the centers of galaxies. Particularly for systems without
central massive BHs, the higher central escape speeds
can facilitate many generations of BH mergers (e.g.,
Antonini & Rasio 2016). However, star-by-star mod-
els of NSC dynamics are still beyond the capabilities
of the current generation of direct N -body and Heno´n
Monte Carlo codes. Despite this, significant progress has
been made in semi-analytic treatments of the hierarchi-
cal BBH merger problem. (e.g., Gerosa & Berti 2019;
Doctor et al. 2020; Arca Sedda et al. 2020; Kimball et al.
2020a,b). As this manuscript was being completed, we
learned of a similar study by Gerosa et al. (2020). There,
the authors use a similar semi-analytic arguments and
GW parameter-estimation techniques to study a hierar-
chical merger scenario for GW190412. Although they fo-
cus on 1G+2G mergers (with varying spins for 1G BHs)
as opposed to our 1G+3G scenario, they similarly con-
clude that producing a GW190412-like BBH through a
hierarchical merger scenario would require a cluster with
an escape speed & 150km/s.
The mass of behemoth approaches that of some cen-
tral star clusters in dwarf galaxies, suggesting that many
interesting BBH mergers may arise from the dividing
line between massive GCs, SSCs, and NSCs in galactic
centers. In this case, the tidal forces and galactic en-
vironment did not play a significant role in the cluster
evolution; the mass, metallicity, and dynamical-friction
timescale were the main features contributing to the
production of BBH outliers like GW190412. However,
for many clusters, the complicated relationship between
clusters and their host galaxies, including a careful treat-
ment of dynamical friction and tidal forces, must be cor-
rectly addressed (see e.g., Choksi & Kruijssen 2019). Ef-
forts to perform zoom-in collisional cluster simulations
from cosmological initial conditions are currently under-
way (Grudic et al. 2020; Rodriguez et al. 2020).
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